Elastic properties of few unit cell thick superconducting crystals of
  Bi$_2$Sr$_2$CaCu$_2$O$_{8+\delta}$ by Sahu, Sudhir Kumar et al.
Elastic properties of few unit cell thick superconducting crystals of
Bi2Sr2CaCu2O8+δ
Sudhir Kumar Sahu,1 Digambar Jangade,2 Arumugam Thamizhavel,2 Mandar M. Deshmukh,2 and
Vibhor Singh1, a)
1)Department of Physics, Indian Institute of Science, Bangalore-560012 (India)
2)Department of condensed matter physics and material sciences, Tata Institute of Fundamental Research,
Mumbai - 400005 (India)
(Dated: 8 October 2019)
We present systematic measurements of the mechanical properties of few unit cell (UC) thick exfoliated crystals of a
high-Tc cuprate superconductor Bi2Sr2CaCu2O8+δ . We determine the elastic properties of these crystals by deforma-
tion using an atomic force microscope (AFM) at room temperature. With the spatial measurements of local compliance
and their detailed modeling, we independently determine the Young’s modulus of rigidity and the pre-stress. The
Young’s modulus of rigidity is found to be in the range of 22 GPa to 30 GPa for flakes with thickness from ∼ 5 UC to
18 UC. The pre-stress spreads over the range of 5 MPa - 46 MPa, indicating a run-to-run variation during the exfolia-
tion process. The determination of Young’s modulus of rigidity for thin flakes is further verified from recently reported
buckling technique.
There has been a keen interest towards the use of two-
dimensional (2D) thin materials for device applications.
While the electrical properties of these materials cover a wide
spectrum ranging from insulating, semiconducting, metallic
to superconducting behavior, their mechanical properties such
as modulus of rigidity, fracture-strain, and thermal expan-
sion are equally intriguing1,2. This remarkable combination
of characteristics make these materials accessible to novel
applications such as flexible electronics and hybrid nano-
electromechanical systems for sensing applications3–6.
For nanoelectromechanical devices, materials with high
electrical conductivity, and low mass are often preferred, as
these properties tend to minimize the losses and improve the
displacement transduction3–6. The mechanical properties of
few unit cells (UC) thick exfoliated crystals could be signif-
icantly different from its bulk counterpart, resulting in in-
teresting effects such as nonlinear damping7, and Duffing
phenomena8. In addition, measurements of the elastic re-
sponse could be a sensitive probe to the electronic or struc-
tural phase transitions in these materials9. This has led to a
considerable investigation into the nanomechanical properties
of materials such as graphene, MoS2, NbSe2, etc.10–15.
Recently, few UC thick crystals of high-transition temper-
ature superconductor Bi2Sr2CaCu2O8+δ (BSCCO) have at-
tracted attention due to their unique superconducting phase
diagram, and applications towards cavity-optomechanical
devices6,16–18. While the elastic coefficients of the bulk crys-
tals of BSCCO have been observed with large variations, there
is no investigation into the elastic properties of few UC thick
nanoscale samples19,20. Here we report the measurement of
Young’s modulus of rigidity (E) and pre-stress (σ) on few
UC thick superconducting crystals of BSCCO. These proper-
ties are helpful in engineering the resonant frequency of me-
chanical resonators for composite devices. In addition, deter-
mination of the Young’s modulus of rigidity by two different
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methods, on the crystals grown in the same run, brings clarity
to the previously reported results from bulk-crystals19,20.
We have primarily used elastic deformation by an AFM tip
to measure the Young’s modulus of rigidity and the pre-stress
in exfoliated flakes of BSCCO. In total, we have studied 7
mesoscopic samples having thickness in the range of 16 nm
to 55 nm, corresponding to ∼5 UC to 18 UC thick crystals.
We have performed measurements of the local compliance of
the suspended flakes of BSCCO. Detailed finite-element mod-
eling is then carried out to extract the Young’s modulus and
the pre-stress from compliance measurements. In addition,
we employ a recently reported buckling technique to indepen-
dently measure the Young’s modulus for thin flakes21. We find
that the results from the buckling technique are consistent with
the AFM technique.
High-quality single-crystals of BSCCO were prepared by
annealing melt-quenched shards in oxygen atmosphere. The
BSCCO shards were prepared by heating the BSCCO pow-
der (Sigma Aldrich - 365106) in a high-quality recrystallized
alumina crucible. After the annealing step, these crystals are
stored in liquid nitrogen and are only taken out at the time of
mechanical exfoliation22. To prepare the samples for AFM
measurements, we first use photolithography to pattern circu-
lar trenches in photoresist (S1813) on a 285 nm thick SiO2
coated silicon substrate. It is followed by a step of reactive-
ion etching of SiO2 using a low-pressure fluorine plasma. This
results in circular trenches having diameter from 1.8 to 6 µm
on the substrate. Thin flakes of BSCCO are exfoliated by a
scotch tape and transferred on top of the patterned substrate
using a polydimethylsiloxane (PDMS) based dry exfoliation
technique23.
Fig. 1 (a) shows an optical image of a transferred BSCCO
flake on the patterned substrate. Different optical contrast for
suspended and collapsed micro-drums can be seen in the im-
age. Fig. 1 (b) shows the topography of BSCCO flake along-
side a height profile measured by AFM. Drums with an un-
even topographic profile are not considered for measurements.
The white dotted line indicates the location of the measured
height profile. Transfer of flakes thinner than 16 nm (∼ 5 UC)
ar
X
iv
:1
91
0.
02
22
1v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
5 O
ct 
20
19
216 nm
(b)
(a)
FIG. 1. (a) An optical microscope image of BSCCO flake on top of a
patterned Si substrate coated with 285 nm of SiO2. Difference in the
contrast for suspended and collapsed drums can be seen. The scale-
bar corresponds to 50 µm. (b) AFM image showing the topography
of the flake. A height profile taken at the position marked by a dashed
line is overlaid on the AFM image, showing a thickness of ∼16 nm.
The scale bar corresponds to 8 µm.
is a challenging task with our technique as they offer poor op-
tical contrast, and their identification on PDMS remains diffi-
cult.
Elastic deformation by an AFM tip is a well-established
method to characterize the elastic properties of nanoscale
materials10,12,24. An AFM cantilever with a known spring
constant is used to apply a force on top of the suspended
structure. This force deflects the flake depending on the elas-
tic properties of the material and boundary conditions. In
this study, we used an AFM tip with a spring constant of
ktip = 5.6 N m−1, measured using thermo-mechanical noise
calibration25. The spring constant of the tip relates the ap-
plied force F to the tip deflection ∆ztip, given by F = ktip∆ztip.
The elastic deformation of the flake δ then can be expressed
in terms of the net displacement of the AFM piezo ∆zp as:
δ = ∆zp−∆ztip.
Fig. 2 (a) shows traces of loading-curve for flakes of differ-
ent thicknesses while indenting at the center of the circularly-
shaped suspended part. We do not observe any hysteresis be-
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FIG. 2. (a) Force-displacement curves and corresponding fits for
flakes with thicknesses of 16 nm (red), 20 nm (green), and 31 nm
(blue). (b) Volumetric measurement of the compliance for a flake
with a thickness of 16 nm. The solid line is fit to the data. The in-
set shows the complete compliance map measured from a flake of ∼
3 µm diameter. Ticks on the inset figure are placed 1.5 µm apart.
tween loading and unloading curves, suggesting no slippage
at the flake boundary. The loading curve is quite linear for
the thick flake (31 nm). A nonlinear behavior can be easily
observed for the thin flake (16 nm). Within continuum me-
chanics for an isotropic solid, the elastic deformation of the
flake δ is related to the applied force F as:
F =
[
4piE
3(1−ν2)
(
t3
a2
)]
δ +(σpit)δ +
(
q3Et
a2
)
δ 3, (1)
where q = 1/(1.049− 0.15ν − 0.16ν2) is a dimensionless
constant, a and t are the radius and thickness of the suspended
BSCCO flake, respectively26. By using a Poisson’s ratio of
ν = 0.2 for BSCCO19, and other geometrical quantities ob-
tained from the AFM measurements, we fit the loading curves
using Eq. 1, shown by the solid lines in Fig. 2 (a).
In the membrane-limit, the contribution from bending rigid-
ity (first term in Eq. 1) can be neglected and the nonlinear
relation between force and deformation can be used to ex-
tract the pre-stress and Young’s modulus independently. In the
plate-limit however, due to the comparable contributions from
bending rigidity and tensile stress to the total elastic energy, it
is impossible to separate out σ and E from the deformation
measurement at the center of the flake alone. Therefore, we
resort to the spatial measurement of local compliance, defined
3as k−1(r0,θ0) = (dδ/dF) |r0,θ0 , over the suspended part of the
flake27. Spatial map of the measured local compliance over a
grid of 64×64 points for a suspended flake of ∼3 µm diam-
eter is shown in the inset of Fig. 2 (b). As the compliance
profile is radially symmetric, Fig. 2 (b) shows the variation of
k−1 with the distance from the center of the flake r0.
To extract the elastic properties of the BSCCO flakes from
the spatial compliance maps, we perform finite element sim-
ulations using COMSOL (see Supplementary Material (SM)
for details). For a linear elastic solid, the deformation under a
point load can be well described by the Euler-Lagrange differ-
ential equation28. However, when the contribution of bending
rigidity and pre-stress to the elastic energy are comparable,
it is difficult to find a closed-form solution of the elastic de-
formation δ (r,θ) and hence compliance k−1 = ∂δ/∂F24. To
model the system, we consider the deformation of a linear
elastic material under a load applied by an AFM tip of 40 nm
radius. A rigid boundary condition is applied at the edge of
the flake i.e. δ |r=a = 0. The sliding contact between the AFM
tip and flake is captured by applying sliding contact boundary
condition. Other material parameters such as the pre-stress
and the Young’s modulus are supplied as inputs to the model.
Thus, the calculation of deflection under a small load applied
at point r0 away from the center of the flake allows calculating
the local compliance.
Fig. 3(a) shows a contour plot of simulated compliance at
the center (r0 = 0) of a 3 µm diameter flake for different val-
ues of E, and σ . It is obvious from the plot that different com-
binations of (E,σ) can result in the same value of the compli-
ance at the center of the flake. The radial shape of the compli-
ance, however, depends on the ratio of pre-stress and bending
rigidity D = Et
3
12(1−ν2) . Fig. 3 (b) shows the plots of the simu-
lated radial profile of normalized compliance k−1/k−1(r0 = 0)
for three different values of λ , defined as λ =
√
σta2
D . To fit
the simulated results with the experimental data, we choose
the contour of k−1(r0 = 0) that matches with the AFM data.
Along this contour, radial compliance profiles are computed
for various combinations of (E,σ) to fit the experimentally
obtained data. A result of this procedure is shown in Fig. 2 (b)
by a black continuous line.
A plot summarizing the Young’s modulus and the pre-stress
for 7 different exfoliated flakes of varying thickness is shown
in Fig. 3 (c, d). Detailed characterization of these flakes is pro-
vided in the SM. It is important to highlight that the pre-stress
in these flakes results from the dry transfer process and is inde-
pendent of material properties. Therefore, it spreads over sig-
nificantly from 5 MPa to 46 MPa. However, the Young’s mod-
ulus of rigidity is found to be in the range of 22 GPa to 30 GPa.
Typically, elastic coefficients of ultra-thin samples, where the
surface elastic energy is non-negligible to the bulk elastic en-
ergy, show a thickness-dependence12,14,29. We do not observe
any prominent thickness dependence in the Young’s modulus
of rigidity as the samples studied here are at least 16 nm thick.
The Young’s modulus of rigidity can also be determined by
a simple buckling technique21. We use this technique to inde-
pendently verify the AFM results. A schematic representation
of the steps used for buckling of BSCCO is shown in Fig. 4(a).
In this process, flake is transferred directly on a pre-stressed
substrate. We use a PDMS substrate (PF-X4 6.5 mil from Gel-
Pak), which has Young’s modulus of Es = 492 kPa and Pois-
son’s ratio of ν = 0.530. PDMS is elongated up to 30-40% of
its original length in a direction perpendicular to its surface to
generate the pre-stress. After releasing the stress from PDMS,
BSCCO flake buckles with a particular wavelength.
Fig. 4 (b) shows an optical microscope image of buck-
led BSCCO flake over PDMS substrate. Different buckling
wavelengths for different thickness are evidently visible. The
wavelength of induced ripples (λb) is independent of initial
stress and depends on the elastic properties of both flake and
substrate, given by21:
λb = 2pit
[
(1−νs2)E
3(1−ν2)Es
] 1
3
. (2)
The wavelength is estimated by analyzing the optical mi-
croscope image of the buckled structure. For calibration of
length, micron/pixel is calculated using a pre-patterned sam-
ple with known dimensions. The thickness of the flake was
measured to be 7 UC using AFM. The average value of λb
is ∼2.11 µm, calculated from four different data points. Us-
ing Eq. 2, we estimated the Young’s modulus of rigidity to be
24.5 GPa, which is similar to values obtained from the AFM
measurement.
It is interesting to contrast our results on few UC samples
to the observations made on the bulk crystals of BSCCO and
other high-Tc layered superconductors. The Young’s modulus
of rigidity for bulk crystals of BSCCO has been reported over
a range of values (see Table I ). Crystalline quality depen-
dent variations in the Young’s modulus of rigidity has been
observed for other layered high-Tc superconductors such as
YBa2Cu3O719,31. The reduction in modulus of rigidity and
breaking strength can be attributed to defects formed dur-
ing the crystal growth process14,32. Under a normal applied
load, the material tends to yield at the defect sites first, before
stretching of the atomic bonds33. Importance of the defect
density in determining elastic coefficients and the breaking
strength has been reported for mesoscopic samples of differ-
ent materials14,34,35. Layered superconductors having several
weakly interacting layers with defects are therefore expected
to show reduced material stiffness.
For application towards the composite nanoelectromechan-
ical devices, the resonant frequency of the mechanical res-
onator is an important design parameter. From the variation in
the Young’s modulus and pre-stress reported in this study, we
expect the mechanical resonance frequency to be in the range
of 6 MHz to 18 MHz for 5 UC thick crystals of 6 µm diame-
ter, as also observed experimentally6. We further note that for
few UC thick mechanical resonators, the resonant frequency
is primarily dominated by the pre-stress induced by the exfo-
liation process. The expected high frequency of BSCCO me-
chanical resonators and typical linewidths of superconduct-
ing microwave resonators (< 500 kHz) place these devices in
the sideband-resolved limit, an important criterion for experi-
ments in the quantum limit36.
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FIG. 3. (a) Contour plot showing local compliance k−1 at the center of the drum with a variation of the Young’s modulus and pre-stress,
simulated by finite element method. (b) The simulated radial profile of compliance for different values of λ given by 1 (blue), 10 (orange)
and 100 (green), respectively. Panels (c) and (d) show the extracted value of the Young’s modulus and pre-stress of BSCCO flakes of different
thicknesses. The error bars are calculated from the spread in the radial compliance data.
TABLE I. Summary of Young’s modulus of rigidity for high-Tc superconductors
Material Structure Technique E[GPa]
BSCCO bulk polycrystaline ultrasonic velocity19 38.8
bulk single crystal vibrating reed20 70
few unit cells thick AFM and buckling methods [This
work]
22 - 30
YBa2Cu3O7 bulk single crystal ultrasonic velocity31 46.4
To summarize, we have studied the mechanical properties
of exfoliated thin BSCCO crystals using deformation caused
by an AFM tip. Finite element simulations are used for the
numerical analysis of spatial compliance maps, and to extract
the Young’s modulus and pre-stress. The reported mechani-
cal properties could potentially be useful in engineering nano-
electromechanical resonators of BSCCO for various applica-
tions.
SUPPLEMENTARY MATERIAL
See supplementary material for the characterization of ad-
ditional flakes and details of simulations.
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